Abstract In cardiac resynchronisation therapy, failure to implant a left ventricular lead in a coronary sinus branch has been reported in up to 10% of cases. Although surgical insertion of epicardial leads is considered the standard alternative, this is not without morbidity and technical limitations. Endocardial left ventricular pacing can be an alternative as it has been associated with a favourable acute haemodynamic response compared with epicardial pacing in both animal and human studies. In this paper, we discuss left ventricular endocardial pacing and compare it with epicardial surgical implantation. Ease of application and procedural complications and morbidity compare favourably with epicardial surgical techniques. However, with limited experience, the most important concern is the still unknown long-term risk of thromboembolic complications. Therefore, for now endovascular implants should remain reserved for severely symptomatic heart failure patients and patients at high surgical risk of failed coronary sinus implantation.
Introduction
Cardiac resynchronisation therapy (CRT) is an established treatment modality for patients with systolic heart failure, left ventricular (LV) dyssynchrony and intraventricular conduction disturbances [1] [2] [3] [4] . The standard approach requires inserting an LV pacing lead into one of the coronary sinus tributaries. However, failure to deliver a coronary sinus lead has been reported in up to 10% of attempts [5, 6] . Post-implant dislocation of the lead, noncapture or phrenic nerve stimulation also reduces effective LV stimulation [5] .
Until now, surgical epicardial lead implantation was considered the standard alternative for failed coronary sinus implants [7] [8] [9] [10] [11] [12] . In this paper we will introduce endocardial LV stimulation and compare it with the surgical alternatives.
Why endocardial stimulation?
In a previously published report, we demonstrated that in a non-responder to coronary sinus LV pacing, endocardial LV pacing delivered both a substantial acute haemodynamic improvement (measured by LV dP/dt max ) and long-term clinical amelioration [13] . This favourable effect of endocardial pacing has also been shown in animal studies: after the induction of left bundle branch block, endocardial stimulation yielded better acute haemodynamic improvement than pacing from the opposing epicardial site in dogs [14] . This was also demonstrated by Rademakers et al. in a heart failure model of myocardial infarction and induced left bundle branch block [15] . In patients, Derval et al. demonstrated that LV pacing in non-ischaemic cardiomyopathy was significantly better at the best endocardial site than (single site) coronary sinus pacing [16] . Spragg et al. obtained similar results in ischaemic cardiomyopathy [17] . However, both authors evaluated a single epicardial coronary sinus pacing site only and noted that endocardial stimulation at an opposing site from the coronary sinus lead pacing location was not haemodynamically better in these acute studies. Therefore, although stimulation at endocardial and epicardial sites opposite from each other has not been investigated for multiple locations, it seems that in patients the ability to stimulate often inaccessible sites with coronary sinus pacing is a main advantage of endocardial stimulation [13] . Thus evidence shows that endocardial pacing is at least a good alternative route for failed coronary sinus implantation, but may also be very useful in nonresponders to standard CRT in case of suboptimal lead positioning.
How to stimulate the LV endocardium?
LV endocardial pacing was first described by Jais et al. [18] . They inserted a guidewire transseptally from the femoral vein into the left atrium, and used a retriever inserted via the right internal jugular vein to recover the proximal end of the guidewire. A sheath was then advanced from the jugular vein over the guidewire into the left atrium enabling the implantation of a pacing wire at the LV endocardium. However, the procedure was complicated due to the easy loss of the guidewire position in the left atrium.
Others attempted a transseptal puncture from the right jugular or even the subclavian vein, but this demands special ability from the operator as this approach lacks the traditional landmarks of a standard femoral transseptal puncture. Also the transseptal needle needs to be grossly modified according to the patient's anatomy [19, 20] .
These approaches are not suited for routine application. An ideal method should use standard techniques and materials, be within the capabilities of the average operator and have a high predictable success rate. Further, it should preferably be executable in the same procedure as a failed coronary sinus implantation. In the following paragraphs, we describe the evolution of our approach to obtain these goals.
Femoral septum perforation but superior lead introduction
We started with a standard transseptal puncture from the femoral vein, but to facilitate the passage of the septum we dilated the puncture site first with a 6 mm angioplasty balloon. Subsequently, leaving the guidewire across the septum as a marker, we tried to pass the septum with a guidewire inserted from the subclavian vein through a deflectable guiding catheter. However, despite the additional use of curved inner sheaths, anatomical constraints often hamper aiming the guidewire at the septal puncture site. There were sometimes also problems in passing the sheath through the septum because of lack of backup support in the right atrium. However, once the sheath was advanced into the left atrium, it was often easy to point the tip through the mitral valve towards the desired basal posterolateral area of the left ventricle. Development of dedicated sheaths might facilitate the procedure, but until now it still does not satisfy the requirements for an ideal procedure. A detailed description of the procedure has been previously published [21] .
Superior RF septum perforation and lead introduction
To avoid aiming a guidewire through an existing puncture site, we again tried to puncture the septum using a superior approach, but with the help of radiofrequency (RF) energy (Fig. 1) . The latter has already been used to facilitate standard transseptal puncture and we modified the concept for a superior transseptal puncture [22] . For this purpose, a deflectable sheath loaded with an inner sheath and its dilator (Attain Select II, Medtronic Inc. Minneapolis, MN, USA) is pointed towards the septum from the subclavian vein and advanced until the septum is clearly 'tented' on intracardiac or transoesophageal echo (Fig. 1b) . A standard 0.035″ guidewire is then protruded just outside the dilator of the inner sheath (Fig. 1a) . With slight pressure on the guidewire, unipolar RF energy from a standard electrosurgical unit is applied on the proximal ending of the guidewire to ablate the tip through the septum. Then the dilator and inner sheath are advanced into the left atrium and ventricle whilst the deflectable sheath remains in the right atrium (Fig. 1c) . A 110 cm long Select Secure lead (Medtronic 3830-110, Medtronic Inc. Minneapolis, MN, USA) is inserted into the LV myocardium. The extra length is necessary to accommodate for the length of the sheaths. The Attain Select II is withdrawn into the right atrium and both sheaths are subsequently split (Fig. 1d) .
Ablating through the septum is easy once the sheath is perpendicular to the septum and the latter properly tented. But this can prove to be more difficult than expected: the sheaths often slide from the septum thus missing the necessary tenting before RF energy can be applied.
Femoral lead introduction with lead retrieval to the pocket
Transseptal puncture from the femoral vein has been largely unaltered since the description by Brockenbrough et al. 50 years ago, and this remains the most predictable way to cross the atrial septum [23] . Additionally, transfemoral implantation of pacemaker leads has also been used for more than 30 years [24, 25] . Therefore, inserting a permanent LV endocardial lead via a classic transseptal catheterisation seems an obvious solution, with the only obstacle being retrieval of the lead to the subpectoral area. We have developed two solutions for this problem: a subcutaneous and an endovascular route.
We first modified a standard 8F Mullins transseptal sheath into a slittable one: the native hub-valve is cut away and replaced with the valve from a standard 9 F peel away SafeSheath (Pressure Products, San Pedro, CA, USA) which is secured by applying Dermabond skin adhesive (Ethicon, Somerville, NJ, USA).
We start with a standard transseptal puncture with this modified Mullins sheath. Once the Mullins sheath is in the left atrium we direct an Attain Select II inner sheath with 130º tip towards the left ventricle (Fig. 2a) . With this sheath, we can rove the LV endocardium to select the pacing site. A 110 cm long 4.1 F active fixation Select Secure lead is implanted, the length being necessary to accommodate for the length of the sheaths and to allow enough slack while retrieving the sheaths.
With a subcutaneous approach both the Attain Select and the Mullins sheath are withdrawn towards the right atrium and slit in a standard fashion. The lead is then tunnelled subcutaneously with a technique similar to an axillofemoral bypass towards the device pocket in the subclavicular area. As the 110 cm Select Secure lead is not long enough to directly bridge this distance, it is first tunnelled towards an incision just below the ribcage. From there on the lead is extended with a 35 cm long bipolar lead extension and further tunnelled towards the subpectoral pocket. The whole procedure is performed under local anaesthesia with additional sedation with midazolam and fentanyl as required.
To avoid the subcutaneous tunnelling and extension of the lead, we modified a technique first described by Dhillon et al. [26] . A 110 cm Select Secure lead is inserted from the femoral vein into the LV endocardium through the modified Mullins sheath as described above. After the sheaths have been withdrawn into the right atrium, the two procedures differ: only the Attain Select II is first removed, leaving the Mullins sheath in the right atrium. A 260 cm 0.038″ stiff guidewire is then introduced along the pacing lead into the Mullins sheath and advanced to the superior vena cava, from 
where it is retrieved from the subclavian vein with a snare (Fig. 2b ). The Mullins sheath is then slit and a 85 cm long 12 F sheath is inserted over the guidewire from the subclavian vein and advanced until it emerges from the femoral vein, thus exiting through the same puncture site as the lead. To retrieve the pacing lead, the connector pin is fitted into the tip of a 6 F right Judkins angiography catheter inserted using a superior approach through the 12 F sheath (Fig. 2c) . The angiography catheter with the Select Secure lead attached is then pulled into the 12 F sheath, and both are pulled back together until the sheath-and the lead-emerge from the subclavian vein (Fig. 2d) . The lead is released from the angiography catheter and secured in the pocket.
Although the last technique seems to be quite complex (for a detailed description see Van Gelder et al. [27] ) it comes closest to an ideal technique: (almost) standard equipment and techniques, and each individual step has a high probability of success. Until now we have applied this technique successfully in 13 patients.
Limitations of an endocardial approach
Thromboembolic complications are common in patients with severe LV dysfunction: excluding patients with atrial fibrillation, the incidence estimates range from 1.5 to 3.5% per 100 patient-years [28] . This risk may increase with indwelling LV leads. So far, thromboembolic complications have also been reported in inadequately anticoagulated CRT patients with LV endocardial leads. After mid-to long-term follow-up, Jais et al. and Pasquié et al. reported a transient ischaemic attack in 1 out of 11 and 1 out of 6 patients, respectively, both with anticoagulation interrupted at the time of the incident [29, 30] . Until now, we have encountered 3 thromboembolic Fig. 2 Transfemoral introduction of the lead with transvenous tunnelling towards the generator pocket. a The Mullins sheath (solid arrow) has passed the septum and the Attain Select guiding system (long dashed arrow) has been directed over a guidewire into the left ventricle. The tip of the Attain Select is rotated towards the basal posterolateral wall of the left ventricle. The Select Secure lead (short dashed arrow) is positioned against the myocardium. b The stiff guidewire (solid arrow), introduced via the Mullins sheath towards the superior vena cava, is captured by a snare (dashed arrow), which was introduced via the subclavian vein. c The lead secured into the angiocatheter is introduced into the 12 F sheath that emerges retrogradely from the femoral vein through the same puncture site as the previously introduced lead. d The 12F sheath (solid arrow) and the angiocatheter (long dashed arrow) with the Select Secure lead (short dashed arrow) are pulled back through the venous system. The tip of the sheath is still in the vena cava inferior, but the lead has already been pulled into the vein complications in 42 patients, all 3 also inadequately anticoagulated at the time of the embolism (INR <1.5 in 2 patients, and <2.0 in one patient, respectively). In one patient this was shortly after electrical cardioversion for atrial fibrillation [13] . Two of the patients recovered completely, one suffered a severe stroke. Also from the experience with inadvertently placed LV endocardial leads, it is clear that life-long anticoagulation with coumarin derivatives is mandatory, but once installed the risk of embolism seems to be low [31, 32] . We target an INR between 3.5 and 4.5, similar to that with mechanical prosthetic valves. Therefore, if anticoagulation is contraindicated or not expected to be adequately maintained, one should refrain from LV endocardial lead insertion. Newer anticoagulant agents may prove to be superior for this indication [33] . To further minimise the risk for clotting, the use of polyurethane insulated leads is mandatory as they are less prone to thrombus formation than silicone insulated leads [34, 35] . As of now, the true risk increment from the LV leads still needs to be determined.
Secondly, limited experience shows that the LV leads do not seem to interfere significantly with mitral valve function, maybe due to the minimal scar tissue reaction in the left heart [35] . Also the use of a thin, floppy lead provided with enough slack may prevent valve dysfunction.
The surgical approach
Historically, surgical epicardial lead placement has become the standard alternative for coronary sinus implantation. Studies comparing both techniques revealed excellent longterm lead results and fewer LV-related complications for the surgical approach [10] . Different techniques have been described using mini-thoracotomy, video-assisted thoracoscopic surgery (VATS) and robotic surgery. Surgery has the theoretical advantage of no limitation as to the choice of pacing sites compared with a coronary sinus route. However, Koos et al. reported that leads were more often implanted too anteriorly compared with CS implants (44% vs. 5.4%), resulting in a smaller increase in ejection fraction and functional capacity [36] . To improve on this, malleable epicardial lead placement tools might be helpful to reach the preferred target area [7] . VATS might provide a better opportunity to reach the posterolateral wall; however, it requires expertise and is relatively expensive [8, 9, 11] . In our experience too, we have noticed that the posterolateral surface of the left heart is sometimes hard to reach, especially in patients who have undergone previous surgery or with grossly enlarged hearts. Four of our endocardially treated patients had a previous epicardial surgical implant with a position that is too anterior. Fig. 3 Transapical surgical insertion of a left ventricular endocardial lead. a The Select Secure guiding system is introduced through the LV apex and bleeding controlled by tightening the purse string around it. b The Select Secure lead is introduced into the guiding system, which can be deflected by turning the knob. c The Select Secure lead is implanted, the sheath withdrawn before splitting, and the pursue string fortified with additional pledge material tightened around the puncture site. d X-ray of final position of the lead. The solid arrow indicates the exit site of the lead from the left ventricle, the dashed arrow the anchoring site of the lead at the ribcage In reports on surgical epicardial implantation, the complication rate appears to be low and procedural mortality has been reported, and Mair et al. reported on 16 patients, two of whom developed a pneumothorax and one an atelectasis [10] . Navia et al. mentioned renal failure not requiring haemodialysis and decompensated heart failure, both in two out of 34 patients [11] . However, as with endocardial implants, these are small studies. In a recent large retrospective study on postoperative mortality in heart failure patients with both ischaemic and non-ischaemic origin, patients who underwent noncardiac minor surgery experienced a 30-day mortality of 8% [37] . In our own experience with surgical implantation, one patient died after a periprocedural myocardial infarction We also encountered ventilation-related problems and haemodynamic instability necessitating inotropic support. Postoperative thoracotomy-related pain must be added to morbidity.
Finally, a combination of an endocardial implant and a surgical approach was first described by Kassai et al. [38] . A limited left lateral thoracotomy is made directly over of the LV apex and a purse string suture applied at the LV apex through which the left ventricle is punctured with a standard Seldinger technique, allowing the introduction of a deflectable sheath into the left ventricle (Fig. 3a) . The sheath can be easily manoeuvred to the desired position and a 74 cm long Select Secure lead is screwed into the endocardium (Fig. 3b) . Haemostasis is established by closing the purse string suture around the lead after slitting the sheath (Fig. 3c) . From the intercostal incision, the lead is tunnelled subcutaneously to the generator pocket in the left pectoral region (Fig. 3d) .
This approach is useful when a transseptal implant is not possible or in the presence of a mitral valve prosthesis. It still necessitates general anaesthesia, but is technically less demanding then epicardial lead placement because the left ventricle may be approached from anteriorly.
How to choose between endocardial and surgical LV lead implantation?
There are no studies confirming haemodynamic superiority of one of the two approaches in humans. Although in the majority of patients it is possible to find a better acute haemodynamic response at an endocardial site compared with a single coronary sinus site, there is no proof of a difference in (either acute or chronic) haemodynamic effect when multiple endocardial and epicardial sites could be compared.
Therefore, as of now the choice has to be made on factors relating to the technical merits and reported complications. A cardiologist who is experienced with CRT should be able to perform an endocardial approach on site and under local anaesthesia (on the condition that he or she is familiar with transseptal catheterisation). In contrast, a surgical implant usually necessitates a second procedure in a centre with cardiothoracic surgery. Technically, it is quite easy to reach the preferred basal posterolateral implant area endocardially as this is the first area encountered with a transseptal approach when passing the mitral valve. Overall, the procedural risk is more limited with an endocardial approach and less morbidity is to be expected compared with surgery, especially in these severe heart failure patients. Also the hospital stay can be significantly shorter.
However, the main concern of endocardial leads remains thromboembolic complications. Given this uncertainty with the currently limited experience we reserve endocardial implants for patients with severely symptomatic class III or IV NYHA heart failure or other high surgical risk patients, as the surgical risk probably outweighs the thromboembolic risk in these patients. Lately, we have expanded the indication to NYHA class III or IV patients not responding to standard coronary sinus CRT, but only after establishing potential efficacy with LV dp/dt max measurements and temporary endocardial pacing [13] .
Recently, the benefit of CRT has been shown in less symptomatic NYHA class I or II patients [39, 40] . These studies did not include either surgical epicardial or endocardial techniques, so it remains uncertain if these approaches will be beneficial in these patient categories. As improving prognosis but not acute symptomatic improvement is the primary goal in NYHA class I or II patients, it may be prudent to use the more accepted surgical epicardial implant technique if CRT is considered desirable when these patients fail coronary sinus implantation, at least until further data on thromboembolic complications of endocardial leads become available.
Conclusion
Endocardial left ventricular lead implantation has become a new valuable and efficient technique for providing LV stimulation to patients failing standard coronary sinus implants. Currently, the implementation should remain restricted to severely symptomatic, high surgical risk patients until more data are available concerning the risk of thromboembolism.
